Abstract. To advance the practical application of optical coherence tomography (OCT) in the field of biomedical imaging, the imaging depth must be extended without sacrificing resolution while maintaining sufficient sensitivity. However, there is an inherent trade-off between lateral resolution and depth of field (DOF) in OCT. To address this shortcoming, this article proposes a multifocal Bessel beam spectral-domain optical coherence tomography (MBSDOCT) capable of increasing the DOF with unchanged lateral resolution and a high signal-tonoise ratio. The proposed technique is demonstrated by simulation and experiment. A three-focal MBSDOCT with an axicon lens theoretically achieved a DOF of ∼6 mm with a lateral resolution of ∼13 μm. In imaging experiments performed on the acinar cells of orange tissue, a measured DOF of ∼4 mm was demonstrated with a sensitivity penalty of ∼18.1 dB, relative to the Gaussian beam spectral-domain OCT, with a 9-mW light source.
Introduction
Optical coherence tomography (OCT), a noninvasive threedimensional (3-D) imaging modality based on low coherence interferometry, 1,2 has demonstrated effectiveness for in vivo imaging, [3] [4] [5] and in particular for biomedical applications. [6] [7] [8] [9] To advance OCT technology for practical applications, the imaging depth must be extended without sacrificing resolution or sensitivity. Lenses with low numerical aperture are usually used in conventional Gaussian beam OCT to maintain a long depth of field (DOF); nevertheless, this approach incurs low lateral resolution. Different approaches have been taken to overcome this inherent trade-off between lateral resolution and DOF in OCT; those approaches can be classified into two categories in terms of the focusing beam: Gaussian beam OCT (GOCT) and Bessel beam OCT (BOCT).
There are two kinds of GOCT with extended DOF: multifocal GOCT (MGOCT) 10, 11 and interferometric synthetic aperture microscopy (ISAM). [12] [13] [14] [15] [16] In MGOCT, multiple apertures are used simultaneously in the scanning process. Each aperture is focused at a different depth during the scan. Compared with each set of OCT data, the MGOCT shows an improved resolution over the whole depth; however, the DOF of a Gaussian beam with high resolution is very small. In contrast, ISAM takes the OCT data and corrects for the spreading of the beam by applying a specific algorithm, resulting in an infinite extension of the DOF and invariant spatial resolution along the depth axis. However, in ISAM, the effective DOF is limited because the signal-to-noise ratio (SNR) decreases with 1∕z, where z is the depth coordinate. Xu et al. 17 proposed the multifocal ISAM (MISAM), which can further extend the DOF.
BOCT 18, 19 extends the DOF using a Bessel beam to illuminate the sample. The Bessel beam is generated using an axicon lens. The scattered signal is collected using either the axicon lens or a conventional objective lens. Lee and Rolland 19 reported a doublepass BOCT that achieved a measured invariant resolution of ∼8 μm across a 4-mm DOF measured using the microoptic axicon while achieving an invariant sensitivity of ∼80 dB with a 25-mW input power. Leitgeb et al. 20 proposed a nondual path imaging scheme to image biological samples and reported a 1.5-μm resolution across a 200-μm DOF. Curatolo et al. 21 reported that superior contrast (by up to ∼40%) may be obtained over an extended depth range by MGOCT compared with BOCT. However, the GOCT has a very small DOF when the lateral resolution is high. Even with the MGOCT, it is difficult to achieve the same DOF as is achieved by the BOCT for a given lateral resolution when the SNR penalty of the BOCT can be accepted.
Recent developments in detector technology have enabled high acquisition speeds; therefore, spectral-domain optical coherence tomography (SDOCT), which is capable of high-resolution, real-time, and 3-D imaging of the internal structures of biological tissues, is currently an important tool for biological tissue imaging. [22] [23] [24] [25] [26] To address the trade-off between DOF and lateral resolution in OCT, this article proposes capitalizing on the advantages of SDOCT in a multifocal Bessel beam SDOCT (MBSDOCT) that combines the advantages of both BOCT and MGOCT. The imaging depth of the proposed technique is demonstrated by simulation and experiments. An MBSDOCT system equipped with a superluminescent diode (SLD) operating at a 1301-nm center wavelength (especially apt for depth imaging) is used to image the acinar cells of orange tissue. We obtained a clear imaging depth of ∼4 mm, with a sensitivity penalty of ∼18.1 dB at an input power of 9 mW.
Methods

Description of Bessel Beam
Figure 1(a) shows an axicon with a cone angle γ illuminated by a Gaussian beam with 1∕e 2 radius w 0 . Assuming a Gaussian input field with unit power, we may write the intensity distribution behind the axicon as 27 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 5 3 3 Iðρ;zÞ ¼ 8π
, where N is defined as the Fresnel number 27 and J 0 is the zero-order Bessel function of the first kind. The axial and radial extents of the beam maximum, generally referred to as the DOF L B and the beam radius R B , respectively, are of interest. They can be expressed as 28 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 4 2 9 L B ¼ w 0 × f½tan ðβÞ −1 -tanðγÞg (2) and E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 3 9 0 R B ¼
2.4048
where β ¼ arcsinðn a sin γÞ − γ, n a is the refractive index of the axicon, and k 0 is the wave number. The peak intensity of the central beam can be expressed as 27 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 3 2 3 I bessel
Equation (2) shows that there are two methods of extending the L B : decreasing the γ and increasing the w 0 . However, decreasing γ will increase R B , as shown in Eq. (3). Although increasing w 0 can increase L B with unchanged R B , increasing w 0 also causes a sharp decline in the peak intensity of the central beam I bessel , as shown in Eq. (4) and Fig. 1(b) . Decreased intensity of light incident on the sample will decrease the sensitivity of the system.
Experimental Setup
To benchmark the performance of the proposed MBSDOCT in terms of DOF and SNR, a 1301-nm SDOCT system was built, as shown in Fig. 2(a) . The system used an SLD with a 9-mW output power and 85-nm wavelength bandwidth, yielding an axial resolution of 8.
, and L 5 ) generated the needed Bessel beam. The γ of the axicon was 10 deg, and the refractive index was 1.43, resulting in a lateral resolution of ∼13 μm. Interference signals between the reference light and backscattered light, which carry structural information regarding the sample, were collected by a spectrometer with a spectral resolution of 0.05 nm, yielding an imaging depth of ∼6 mm. Depth structure information was obtained by inverting the spectral signal. For example, Fig. 2(b) shows the spectral signals from two reflectors at depths of 200 and 400 μm, respectively, and the structural signal inverted from the spectral signals.
The proposed MBSDOCT is similar to conventional BSDOCT, except that multiple channels are used. Because biological samples move (especially live samples), the samples can easily become displaced. Therefore, the scans were achieved by shifting axicons, L 4 and L 5 , simultaneously to change the focus of the beam. It needs to be noted that the axicons, L 4 and L 5 , were united together in the experimental setup. The sensitivity of the proposed SDOCT configuration was measured. For Gaussian beam imaging using a conventional lens, the peak sensitivity has conventionally been measured at the focal plane of the lens (L 5 ), where a mirror was used in place of a biological sample; 19 an ∼101-dB peak sensitivity was measured with an input power of 9 mW. This measurement was made with a difference of 1.6 mm in the optical path lengths between the sample mirror and the reference mirror. The sensitivity of the Bessel beam setup (N ¼ 9.9, w 0 ¼ 170 μm) was found to be ∼83 dB based on a comparison with the SNR of the Gaussian beam SDOCT (GSDOCT) setup using the same system parameters and sample. 27 3 Simulation Results
Comparative Analysis of Different Categories of SDOCT
In Sec. 1, we introduced several categories of OCT with extended DOF, and this classification method is also applicable to SDOCT. Numerical simulations of methods in each of these categories are useful for providing a theoretical corroboration of the method proposed in this paper. Table 1 describes the parameters of the GSDOCT, ISAM, and BSDOCT, and D is the spot size of Gaussian and Bessel beam, which is considered the lateral resolution here. The spectral resolution was 0.1 nm, and the bandwidth was 80 nm. The BSDOCT simulation in this paper followed published methods for the GSDOCT and ISAM, 16 except that the Bessel beam replaced the Gauss beam. The numerical simulation consists of the forward model and the reconstruction. The forward model is the interaction between the sample and the incident light, and the spectral datum is collected in this process. The susceptibility of the sample is obtained by inverse Fourier transform of the spectral datum in the reconstruction process. Figures 3(a) , 3(b) , and 3(c) show simulation results for the imaging of isotropic point scatterers with diameters of 2 μm located randomly, from which we can see that the BSDOCT extended the DOF over those of the two other methods, all with the same lateral resolution.
To illustrate quantitatively the advantages of MBSDOCT in terms of DOF, the relationships between the lateral resolution and the DOF in the methods mentioned in Sec. 1 were analyzed. The DOF of multifocal GSDOCT (MGSDOCT) can be approximated as the sum of the DOFs of all channels, which can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 4 6 6
where n c is the number of channels, n is the refractive index of the tissue sample, and w 0 is the waist radius of the Gaussian beam. The relationships between the lateral resolution and DOF of GSDOCT and MGSDOCT (n c ¼ 2) are plotted by the black and brown curves as shown in Fig. 4 , respectively. ISAM suffers from an SNR that decreases with 1∕z, which limits its effective DOF, expressed as 17 Table 1 Imaging parameters of GSDOCT, ISAM, and BSDOCT. Yi, Sun, and Ding: Multifocal spectral-domain optical coherence tomography based on Bessel. . . E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 5 4 6 DOF I ¼
where SNR 0 is the SNR at the focal plane and SNR L is the lowest tolerable SNR. Similarly, the DOF of MISAM can be approximated as the sum of the DOFs of all channels. The relationships between the lateral resolution and DOF of ISAM and MISAM are plotted by the green and blue curves as shown in Fig. 4 , respectively, where SNR 0 ¼ 10SNR L and n c ¼ 2. In Sec. 2.1, we explained that in BSDOCT, when γ is decreased or w 0 is increased to extend the DOF, either the lateral resolution or the SNR worsens. Therefore, this paper proposes MBSDOCT, which can extend the imaging depth under an unchanged lateral resolution and high SNR. The relationships between the lateral resolution and the DOF of BSDOCT and MBSDOCT are plotted by the pink and red curves as shown in Fig. 4 , respectively, where w 0 ¼ 500 μm and n c ¼ 2. Figure 4 shows that MISAM and MBSDOCT have prominent advantages in extending the DOF and MBSDOCT has a larger DOF in the range of high lateral resolution (small D). Figure 5 shows the results of a computer simulation to verify the feasibility of MBSDOCT. The sample used in the simulation consisted of a series of point scatterers located randomly. The system parameters were consistent with the experimental system introduced in Sec. 2. Fig. 5(e) . We deduced that the SNR of MBSDOCT would be higher in the actual experiment, which was later verified.
MBSDOCT Simulation
Based on these analyses, the MBSDOCT image with a smaller w 0 and more channels was predicted to have a higher SNR than the MBSDOCT image with a larger w 0 and fewer channels, which was later verified experimentally.
Experimental Results
Two datasets were acquired separately using a BSDOCT setup. The focal planes of the scanning beams were adjusted before each scan. As shown in Fig. 6 , two datasets (a) and (b) were acquired with focal planes at 0 and 1.5 mm, respectively. Figure 6 (c) shows the MBSDOCT image of the two datasets. The SDOCT system had a w 0 of 207 μm, yielding a DOF of 2.7 mm in air. The sample was orange tissue, and we assumed Table 2 shows the SNRs of the images outlined by the blue and red dashed boxes in the three graphs in Fig. 6 . Because there is a transverse offset between the two BSDOCT images, the registration image is not the sum of the two images; rather, the registration image is spliced by the clear part of the two BSDOCT images. The table shows that the MBSDOCT image exhibited a high SNR throughout the entire depth.
The cell structure size of the two channel images in Fig. 6 is inconsistent. There may be two reasons for this problem. First, the measuring arm had a lateral swing while moving in the longitudinal direction, and the lengthened optical path difference resulting from this swing, considered the vertical depth of the structure, inevitably causes the different sizes of cells imaged in the two channels, both in the longitudinal and lateral directions. Second, the scan speed of the spectrometer used in this experiment was slow, and the imaging of one channel takes several minutes, during which the orange tissue changes.
Therefore, a stable mobile station, precise adjustment of the optical system, and a fast spectrometer are needed to avoid inconsistent cell sizes in different channels images.
In Fig. 7 , three datasets (a), (b), and (c) were acquired with focal planes at 0, 1.5, and 3 mm, respectively. Figure 7(d) shows the MBSDOCT image of the three datasets, with an effective DOF of ∼4 mm. The SDOCT system had a w 0 of 170 μm, yielding a 2.2-mm DOF in air. From Figs. 7(e) and 7(f), we can see that the MBSDOCT image exhibited a high SNR throughout the entire depth. The SNR in the red dashed frame of Fig. 7(a) was 22 .1, which was higher than that shown in Fig. 6(a) . Therefore, the MBSDOCT image with a smaller w 0 and more channels exhibited a higher SNR than the MBSDOCT image with a larger w 0 and fewer channels. However, when the number of channels increases, the system becomes more complex and the acquisition time becomes longer.
In Sec. 3.2, we demonstrated by simulation that increasing w 0 can also extend the DOF. However, the image taken with w 0 ¼ 340 μm exhibited lower signal intensity compared with the MBSDOCT image taken with w 0 ¼ 170 μm when their DOFs were the same. Experiments with the same parameters as were used in the simulation were implemented to demonstrate the predicted result; however, the focal plane of each channel was shifted by 1 mm. Figures 8(a) and 8(b) show the BSDOCT images with a w 0 of 170 μm, and Fig. 8(c) shows the MBSDOCT image resulting from these two datasets. Figure 8(d) shows the BSDOCT image with a w 0 of 340 μm. Figures 8(c) and 8(d) show approximately the same image depth; however, the MBSDOCT image exhibited a larger signal intensity, as shown in Fig. 8(e) . Similarly, the SNRs of the images outlined by the blue dashed boxes in the two pictures were calculated. The results indicate that the image shown in Fig. 8(d) suffered from a lower SNR of 20.33, whereas the MBSDOCT image exhibited a larger SNR of 22.09. Therefore, the MBSDOCT setup with w 0 exhibited a larger SNR than the BSDOCT setup with 2w 0 , although both setups had the same lateral resolution and theoretical DOF. Table 3 gives the results of different BSDOCT experimental sets under different w 0 . These results are consistent with the theory: the larger a w 0 the system has, the lower its SNR. The theoretical SNR penalty relative to GSDOCT can be expressed as a function of the Fresnel number N 27 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 5 2 4 SNR penaltyðdBÞ ¼ 20 log 2 ffiffi ffi e p N ¼ 20 log 1.213 N :
The reason for which the imaging depth does not reach the theoretical value and for which the number of channels cannot be further increased is the lower power of the light source. Larger input power has greater imaging depth and SNR; however, the biological tissue's damage threshold must be considered.
Conclusion
In this paper, we demonstrated that the proposed MBSDOCT can improve imaging depth and SNR. The simulation results showed that the MBSDOCT can obtain a larger DOF and signal intensity, and these results were verified by experiments on acinar cells of orange tissue. When three foci were used, we obtained an imaging depth of ∼4 mm with a lateral resolution of ∼13 μm, and this imaging depth can increase when a larger input power is used. Furthermore, MBSDOCT images with a smaller w 0 and more channels were demonstrated to achieve a higher SNR than MBSDOCT images with a larger w 0 and fewer channels, although they have the same imaging depth and lateral resolution. Therefore, the proposed MBSDOCT method is offers an important advance for the deep imaging of biological tissue and diagnosis of deep lesions in medicine. In addition, the multifocal Bessel beam scheme is suitable for a variety of OCT modes, compared with SDOCT.
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